Abiotic stresses such as extreme temperatures, low water availability, high salt and mineral deficiencies or toxicities severely diminish productivity of cereal crops. These stresses are becoming increasingly important because of the declining availability of good quality water, land degradation and community pressures to move away from chemical intervention in agriculture. Of the major cereals, wheat and barley are grown in the most hostile and consequently lowest yielding environments. Extensive genetic studies and surveys of landrace and wild germplasm have indicated extensive variation for abiotic stress tolerance but this has been difficult to exploit due to the relatively poor background knowledge of the molecular basis for stress in these species. Interconnected signal transduction pathways that lead to multiple responses to abiotic stresses have been difficult to study using traditional approaches because of their complexity and the large number of genes and gene products involved in the various defensive and developmental responses of the plant. Functional genomics is now widely seen as providing tools for dissecting abiotic stress responses in wheat and barley, through which networks of stress perception, signal transduction and defensive responses can be examined from gene transcription, through protein complements of cells, to the metabolite profiles of stressed tissues.
INTRODUCTION
Abiotic stresses such as extreme temperatures, low water availability, high salt levels and mineral deficiency and toxicity are frequently encountered by plants in both natural and agricultural systems. In many cases, several classes of abiotic stress challenge plants in combination. For example, high temperatures and scarcity of water are commonly encountered in periods of drought, and can be exacerbated by mineral toxicities that constrain root growth.
Higher plants have evolved multiple, interconnected strategies that enable them to survive abiotic stress. However, these strategies are not well developed in most agricultural crops. Across a range of cropping systems around the world, abiotic stresses are estimated to reduce yields to less than half of that possible under ideal growing conditions [1] .
Traditional approaches to breeding crop plants with improved stress tolerance have thus far met with limited success-in part because of the difficulty of breeding for tolerance traits in traditional breeding programmes. Desired traits can be crossed into crop species from wild relatives and, for the cereals, extensive abiotic stress tolerance has been identified in screens of land races and related wild species. It is estimated that only 10-20% of the wild variation has been used in modern wheat varieties (unpublished data). A similar situation appears to apply to rice and barley, although not as extreme as in wheat. There is considerable interest at present in using the emerging technologies of genomics as a means to identify key loci controlling stress tolerance and as a tool to screening for allelic variation in the wild and land race gene pools. Delivery of the outcomes of genomics can be through conventional breeding although genetic transformation will offer a more rapid option in some circumstances.
The cereals are our dominant source of food, with maize, rice and wheat vying for the number one position. However, the four closely related Triticeae crops, wheat, barley, rye and triticale, occupy the lower yielding environments and cover almost twice the area sown with maize or rice. Although wheat, rye and barley show levels of tolerance to many abiotic stresses well above maize or rice, there is relatively little known about the molecular basis for abiotic stress tolerance in these species and there is still ample scope for improvement. Will genomics provide the tools for understanding stress tolerance in these species and lead to increased rates of genetic gain for tolerance?
PHYSIOLOGY, CELL BIOLOGY AND BIOCHEMISTRY OF ABIOTIC STRESS Individual stresses
Drought stress Crop plants grown under drought conditions are exposed to a combination of stresses that are attributable to high temperatures, excessive irradiance, soil resistance to root penetration and low water potential. Loss of leaf water causes some passive loss of turgor in guard cells. Abscisic acid production is also induced and leads to a further loss of stomatal turgor. The resulting stomatal closure causes a concomitant decrease in CO 2 availability in the leaves, and hence in assimilate availability to the plant. Although the photosynthetic machinery has a range of photoprotective mechanisms to dissipate excess light energy, the continued exposure of leaves to excessive excitation energy can lead to photoreduction of oxygen and the generation of highly toxic reactive oxygen species (ROS) such as superoxides and peroxides [2] . These dangerous compounds cause chemical damage to DNA and proteins, and can therefore have serious or even lethal effects on cellular metabolism. Plants have evolved several strategies to deal with ROS, including the production of chemical antioxidants such as ascorbic acid, glutathione and -tocopherol that directly remove potentially damaging electrons from the ROS, and enzymic systems such as peroxidases and superoxide dismutases that scavenge the electrons enzymically [3] [4] [5] . The enzymes often use metals such as iron, zinc, copper or manganese as electron acceptors, so the metal ions must be available if enzymic detoxification of ROS is to proceed. In this way, oxidative stress may be linked to mineral deficiencies. In related responses, reactive aldehydes produced through perturbations in redox balances can be removed by the action of aldehyde dehydrogenases and aldose/aldehyde reductases [6] , and superoxide production in mitochondria can be limited by the alternative oxidase [7] .
Another adaptive mechanism for protection against drought is the maintenance of turgor during periods of drought by adjusting the osmotic pressure of cells. There are two main routes whereby this can be achieved. Firstly, the cell can sequester ions into cellular compartments. Secondly, specialized osmolytes such as proline, glycine betaine, mannitol, trehalose, ononitol and ectoine can be synthesized to readjust cellular osmotic potential. These osmolytes are also active in scavenging ROS, especially if they are targeted to the chloroplast [8] . Other specialized organic molecules can be used to protect cellular membranes against physical damage, and proteins against unfolding. Dehydration induces the partitioning of amphiphilic molecules such as glycosylated flavonols and hydroquinones into membranes; these compounds increase membrane fluidity and depress phase transition temperatures [9] .
Proline and sugars can coat protein molecules, exclude solute from their surfaces and thereby reduce the rate of unfolding [9] . During extreme desiccation, tolerant plants synthesize large amounts of nonreducing disaccharides, such as trehalose, which can substitute for water by satisfying hydrogen bonding requirements of polar amino acid residues at protein surfaces, and maintain the folded active states of the proteins [10] . Some late embryogenesis abundant (LEA) proteins and dehydrins might act in a similar fashion [11, 12] . Transgenic rice expressing wheat LEA genes PMA80 and PMA1959 showed enhanced drought and salt tolerance in glasshouse tests [13] and the barley gene HV1A led to enhance yield in field-grown transgenic wheat under drought stress [14] . Small heat shock proteins (HSPs) may also contribute a general protective function in desiccation tolerance [15] , presumably through the maintenance of proteins in a folded state.
During extreme desiccation in the desert resurrection plants Selaginella lepidophylla and Myrothamnus flabellifolius, high trehalose concentrations replace essentially all the water in cells and convert the cytoplasm into a stable, intracellular glass [9, 16] . Trehalose is found only in high concentrations in a few species that are adapted to extreme drought stress, although lower levels have been detected in Arabidopsis, where it is believed to play a regulatory role in carbon metabolism [16] or stress tolerance [17] .
The genetics of drought tolerance have been based around the use of a range of screens. Table 1 shows some recent studies investigating the genetic control of abiotic stress tolerance in wheat and barley. A series of studies in barley identified around 70 quantitative trait loci (QTL) for different components of drought tolerance including leaf relative water content, leaf osmotic potential, osmotic potential at full turgor, water-soluble carbohydrate concentration, osmotic adjustment and carbon isotope discrimination [18] [19] [20] [21] . These results imply an extremely complex control of drought tolerance.
In summary, adapted plants have evolved a range of strategies to enable them to survive the multiple elements of drought stress, and this provides opportunities to transfer and optimize key protective strategies into commercially important cereal species, such as wheat and barley, where drought tolerance mechanisms are not always well developed.
Cold and frost stress When ice crystals form in plant tissues, severe osmotic and mechanical stresses result. Ice generally forms first in the extracellular space, water moves out of the cell along the osmotic gradient so created, and the osmotic stress is thereby imposed. Mechanical damage includes expansion-induced-lysis, phase transitions and fracture lesions in membranes, and physical damage can be caused simply by the formation of large ice crystals. In addition, freezing can induce the production of ROS, which damage membrane components, and can cause protein denaturation [40] .
The similarities between the consequences of drought and cold stress are clearly evident and, as one might expect, the plant responses during cold acclimation or in species adapted to cold climates are often similar to those observed in drought stress. Antioxidant defence mechanisms are invoked, together with the production of heat shock proteins (HSPs), the synthesis of high concentrations of intracellular proline and sugars, and the secretion of increased levels of sugars into the apoplastic space. The phase transition temperatures of membranes can be lowered through the action of fatty acid desaturases and the incorporation of amphiphilic proteins into membranes [40] . Small, highly stable proteins characterized by the presence of multiple amphipathic -helices, similar to the LEA proteins, are also synthesized at high levels during acclimation or in adapted species. These are likely to stabilize membranes, protect proteins from unfolding and, in some cases, inhibit the recrystallization of ice through surface patches of hydrophilic amino acid residues. There are additional suggestions that antifreeze proteins in winter rye (Secale cereale) might have evolved specialized roles in protection against cold stress through modified forms of (1,3)-b-glucanases, chitinases and thaumatin like proteins of the pathogenesis-related protein families [43] .
The genetic basis for cold and frost tolerance has been extensively studied in wheat and barley. Not surprisingly, the timing and nature of exposure require different mechanisms and different genes appear to be involved. However, in all cases there is a close relationship between photoperiod control, vernalization and cold tolerance. For example, Reinheimer et al. [38] identified two key loci involved in frost tolerance at anthesis in barley ( Figure 1 ). One of these loci co-segregated with an earliness per se (Eps) locus and a vernalization (Vrn H1) on chromosome 5H. Although there may be a single locus on 5H involving earliness, vernalization and frost tolerance, the locus on 2H appears to be specific for tolerance to frost at anthesis and is a clear target for positional cloning.
Salt stress
Osmotic and ionic components of salt stress can be identified and plants subjected to salt stress invoke two response pathways [17] . The osmotic component has been discussed above under drought and cold stress. The ionic response is essentially an attempt by the plant to detoxify cells, because high concentrations of cellular salt interfere with membrane integrity, enzyme activity and nutrient acquisition. Reactive oxygen species (ROS) may be generated and elicit the usual plant reactions. Ionic homeostasis is normally maintained through the action of various ion transporters and non-selective ion channels. The sequestering of Na þ ions from the cytoplasm into vacuoles appears to be a particularly important strategy in salt stress management by the plant, as suggested by the observation that many naturally salttolerant halophytes rely on this strategy. Furthermore, transgenic tomato plants over-expressing an Arabidopsis vacuolar Na þ -H þ antiport protein can grow and produce fruit in the presence of 200 mM NaCl [44] . This raises the exciting possibility that salt tolerance could be engineered into important crop plants such as wheat and barley through the transfer and appropriate expression of a single gene. Loci related to sodium exclusion have been identified in wheat and barley (Table 1 and Figure 1 ) and these are again good targets for positional cloning.
Mineral toxicity and deficiency
Micro-and macronutrients in soils are key determinants of plant growth and development. In most cropping systems, at least some of the soil nutrients will be present at sub-optimal concentrations or will be bound to soil in such a way as to limit their availability for plant uptake. For example, most cereal cropping soils in Australia are Zn-deficient. Others are deficient in Mn, Cu and, when other stresses are present, Fe. In other cases, toxic levels of minerals such as B and Al can limit the yield potential. Boron is an essential micronutrient that is phytotoxic at high concentrations, and is of particular relevance in Australia. Thus, both mineral deficiency and toxicity represent important abiotic stresses commonly encountered by crop species. The stresses can often, but usually in part only, be managed through fertilizer application. Mineral stresses can intensify other stresses, especially water stress, when plants are exposed to both simultaneously.
Multiple and varied functions for micronutrient minerals have been identified in plants. These functions include cofactors for many enzymes (e.g. oxidoreductases), light harvesting and carbon assimilation processes in photosynthesis, a role in pectin structure in cell walls, etc. Plant responses to stress imposed by mineral deficiencies or toxicity are not always well-defined but are likely to involve, at least in part, changes in specific plasma membrane ion transporting pumps, carriers and channels [45] . For example, toxic levels of Al slow root growth through processes that involve the inhibition of plasma membrane H þ -ATPases, the blockage of plasmodesmata and oxidative damage [46, 47] . Al impairs plant growth on nearly 1 billion of the world's 3 billion hectares of cropland, including about 35 million hectares in the USA; and Al tolerance genes from rye may prove useful for adapting wheat to acidic soils. Some varieties of rye can tolerate seven times more Al than wheat ( RD Graham, personal communication Figure 1 : Location of several abiotic stress loci in barley: Bt^boron tolerance [22] , Nax^sodium exclusion (unpublished), Mel1^manganese efficiency [37] , Eps^earliness per se, Ppd^photoperiod [41] , Vrnv ernalization [26] , Fr^tolerance to frost at anthesis [38] , Dhn^dehydrin [42] . Over 70 QTL have been identified for tolerance to aspects of drought, these have not been included in the map.
The identification of adapted wheat and barley lines (Table 1) , coupled with the molecular mapping of characteristics such as Mn efficiency, Zn efficiency, grain Fe and Zn density and B toxicity tolerance [48, 49, 22, 37] , indicate that significant advances can be made in the management of abiotic stresses associated with mineral availability in cereal crops, through a functional genomics approach. The poor Mn efficiency of released cereal cultivars exemplifies the difficulty of achieving good adaptation by empirical breeding methods, even though a major locus is involved [37] . In the first instance, genes and gene systems controlling B tolerance and Mn, Zn and Cu efficiency will be identified from adapted varieties, wild relatives and native grasses, with the express purpose of integrating them into elite varieties of barley and wheat.
Stress networks
A striking feature of plant adaptation to abiotic stresses is that multiple responses, involving complex networks that are interconnected at many levels, are activated when abiotic stresses are encountered. Plants increase their tolerance to 'environmental insults' through both physical and interactive molecular and cellular changes that are triggered by the stress [50] . It is not always possible, therefore, to attribute a particular response to a specific abiotic stress. For instance, freezing temperatures, low water availability and high salt concentrations can all cause a lowering of cellular osmotic potential and thereby activate osmotic stress responses. These osmotic stress responses can operate via both an abscisic acid (ABA)-dependent and an ABA-independent signalling pathway [51] . In addition to the induction of osmotic response pathways, salt stress simultaneously activates a second, ionic response, through which ion transporters shuttle ions between various cellular compartments in an attempt to maintain ionic homeostasis [17] . Drought and cold stresses will similarly activate additional, more specific response pathways. In another example, drought tolerance and tolerance to B toxicity are closely related in cereals, where boron-toxic soils restrict root development. Thus, stresses induced by soil drying might incorporate stress attributable to water shortage, osmotic stress and nutrient deficiency.
Plant responses to abiotic stress are affected at several levels, and these eventually result in slowing or cessation of growth. Following perception of the stress conditions, signal transduction pathways are activated and lead to alterations in gene expression, as measured by the abundance of mRNA species, in the protein profiles of cells, in the activities of key enzymes, and in the relative flux through and between different metabolic pathways. In turn, the alterations in cellular activity result in molecular and cellular changes that constitute the network of abiotic stress responses invoked to protect the plant against the unfavourable environmental conditions.
Signalling pathways
Perception of abiotic stress conditions by higher plants leads to the transduction of a signal that relays information within and between cells. An early event in many stress responses is the elevation of cytoplasmic Ca 2þ levels, which leads to the activation of signal transduction pathways involving Ca 2þ -dependent protein kinases and Ca
2þ
-regulated protein phosphatases [50] . In the case of osmotic stress, perception is believed to occur through a plasma membrane histidine kinase [52] . Genes encoding many of the enzymes have been identified in Arabidopsis and their functions have been confirmed in loss-of-function mutants. The presence of C-repeat-binding factors (CBFs) and drought responsive elements (DREs) and ABA-responsive elements (ABF/ABREs), in the promoters of genes for drought, salt and cold signal transduction, probably represents a point of pathway convergence that enables responses of the two stimuli to be coordinated, although there are clearly specific Ca 2þ -dependent pathways for different stresses [50] . Oxidative stress pathways also appear to interconnect with the Ca 2þ -mediated response pathways. Many, but not all, abiotic stress responses can be induced by ABA treatment.
The nature of general stress responses has opened the option of engineering tolerance through up-regulation of transcription factors and other regulatory components of the stress response pathway. The use of HSPs, chaperones and LEA proteins has been described earlier. Transcription control has also been used to enhance stress tolerance in plants [53] . Expression of the Arabidopsis, the DREB1A transcription factor under the control of a stress-inducible promoter (RD29A), led to significantly increased drought tolerance of glasshouse-grown wheat [54] .
Functional genomics approaches
Against this background, how can we launch effective studies to transfer information from model species to the cereals and what information do the cereals have to offer other crops in understanding and manipulating stress tolerance? On the surface, wheat and barley have little to offer. The genomes are large and poorly characterized relative to the model species. However, the level of abiotic tolerance shown by the Triticeae is greater than most other crop species and the diversity in the land race and wild gene pool for wheat and barley tells us that still greater tolerance is achievable.
Role of model species
Many of the recent advances in genomics research have been founded around developments in model species. Arabidopsis has led the way but, more recently, resources and information on rice and maize have gained importance. The near complete sequencing of the Arabidopsis and rice genomes has been crucial to the success of these models. For Arabidopsis, the mutant and tagged populations and extensive microarray databases [55] have provided powerful resources for gene discovery and functional analysis. The microarray information covers a diverse series of stress including cold, salt, heat, water deficit and UV treatments [55] . Through these and related studies in Arabidopsis many genes involved in the control of abiotic stress tolerance have been identified and, in some cases, the information has been transferable to crop plants. A clear example can be seen with the DREB transcription factors. These were first identified in Arabidopsis as being involved in the control of drought and cold responses [56] . Subsequent experiments identified orthologous genes in the cereals maize [57] , rice [58] and wheat [59] in addition to several other species. In the case of wheat, the DREB-1A transcription factor has been used to generate transgenic lines that show increased drought tolerance in preliminary trials [60] . A further example is the ornithine amino transferase gene that was found to confer salt tolerance when overexpressed in Arabidopsis [61] . This gene has been used to transform wheat and the transgenic lines are currently being evaluated in field trials in Australia [62] .
Although these two examples indicate that genes discovered in Arabidopsis can be used directly or via orthologues to engineer abiotic stress tolerance in cereals, the key validation of this approach will only be revealed when the field trials, currently underway, have been completed. Many of the crucial stress responses in crop plants relate to their behaviour as a crop, when growing as part of a plant community and when faced with multiple stresses. Therefore, the preliminary results with the Arabidopsis genes are still well away from real application.
Genome similarity in wheat, barley and other cereals Wheat, barley and rye are all closely related. Indeed, stable hybrids can be produced between wheat and barley (Trithordeum) and wheat and rye (Triticale). The high level of genome similarity between wheat, rye and barley has been recognized for some time. Not only are the sequences of individual genes similar between the species, but gene order on the chromosomes is highly conserved (synteny). Indeed it is possible to replace many wheat chromosomes with related chromosome from rye or barley. The gene order across the grasses is generally well maintained and clear relationships can be drawn across the grass genomes [63, 64] . However, at the single gene level the order does start to break down. For example, a detailed comparison of a 20 cM region of 3 DS of wheat with rice chromosome 1 showed about a 20% loss of colinearity [65] . There are also certain classes of genes, such as the race-specific disease resistance genes, that are of recent evolutionary origin and these are not usually located at syntenous regions. However, this problem does not seem to apply to many of the key loci controlling abiotic stress tolerance, and the rice genome sequence [66, 67] has proved to be a powerful tool for positional cloning of genes from wheat and barley [68, 69] .
Mutant populations
There has been a long history of mutation breeding in the cereals with several important varieties resulting from selection of mutant phenotypes [70] . However, systematic development of mutant populations as a genomics resource has only commenced recently. A large barley mutant population constructed for mutation screening based around detection of single base mismatches was described recently [71] and a similar type of population was used to identify a series of mutations in the granule-bound starch synthase I (GBSSI) of wheat [72] . Wheat appears to be particularly suitable for mutant screening since it is able to carry a very high mutation load, presumably due to polyploidy. Slade etal. [72] identified 246 alleles after screening for each homologue in only 1920 mutated individuals. There are currently several projects underway around the world to develop mutated populations of both wheat and barley, and diploid progenitors of wheat, and many of these will be available as public resources.
Work has also been underway to develop transposon-tagged populations of barley using the maize Ac/Ds system [73] . This will provide an important resource for functional analysis of cloned genes.
Mapping and map-based cloning
The importance of wheat and barley as crop species and the long history of systematic breeding have resulted in extensive information on the genetic control of a wide range of traits and also in the identification of broad diversity in stress and disease tolerance. The advent of molecular marker techniques and the links to breeding programs have resulted in a large expansion of mapping studies. Importantly, many of the studies have involved field evaluation of abiotic stress tolerance. The information shown in Table 1 and Figure 1 covers only recent studies but indicates both the diversity and complexity of abiotic stress mapping programs.
Molecular markers have also proved important in surveys of cultivated, land race and wild relatives of wheat and barley (Table 2) . From these studies extensive variation has been identified and this is being used directly in several wheat and barley breeding programs but also allows extension of the mapping work. The diversity found in abiotic stress tolerance will provide an important resource for validation of candidate genes and will also provide a mechanism for rapid delivery of genomics outcomes to pragmatic breeding programs. The concept here is to use candidate genes identified from genomic studies to assess stress tolerance mechanisms used in the land race or wild lines that show elevated tolerance. Where variation is identified in candidates, either in the structural gene or in expression levels, the locus can be transferred and tested in nonadapted or cultivated germplasm for assessment. In this way, the variation is not only used to validate candidates for stress tolerance but also to provide a tool for allele discovery. Desirable alleles can be transferred by conventional breeding and selection.
Positional cloning does require high resolution linkage maps and this has involved large segregating populations. Association mapping may provide an alternative but this is not sufficiently developed in wheat and barley for application at present [82] . The availability of the rice genome sequence and the generally strong synteny between rice and wheat and barley means that rice can be used to generate potential markers close to the target locus. Since most known abiotic stress loci have been identified as QTL, high resolution mapping is complicated by difficulties in clear definition of phenotypes. Breaking the trait down to well-defined components or elimination of confounding loci from the populations may help deal with this difficulty.
The extensive mapping of particular traits, such as drought tolerance, in multiple cereals and using different populations may provide a means for locating common loci. For example, components of drought tolerance are being mapped in almost all major cereals by several groups around the world. In wheat, we are consistently seeing QTL on group 5 and 7 chromosomes appearing in the analyses. However, the merging of population has not yet been attempted. Similarly, can one look for syntenous loci controlling salt tolerance in wheat, barley, rice and maize and use the comparison to generate a large 'virtual' mapping population? Computational tools for these types of analyses are in the process of development and this approach may be feasible in the not too distant future.
Transcript profiling
Estimates of gene number in the cereals are very similar to other complex organisms; for example, in barley gene number estimates range from around 30 000-50 000 [83] . The situation is complicated by the three genomes of wheat. Unusual patterns of gene expression can occur in polyploids. Analysis of gene expression in wheat using expressed sequence tag (EST) databases showed that homologous genes can be expressed in one, but are silent in one or both of the remaining genomes [84] . The tissue specificity of expression from homologous genes may also change. Consequently, a gene in one genome may be expressed in roots while the homologues are expressed in leaf tissue. There are now well over 1 million cereal EST sequences in the public databases with wheat and barley dominating. The large number of ESTs and the diversity of cDNA libraries that have been used to generate the sequences, has made 'electronic Northerns' a useful method for assessing gene expression and this provides a good first measure of transcript abundance.
Several microarray and macroarray platforms have been generated for the cereals. For wheat and barley, there are a number of proprietal arrays such as the 10 000 cDNA array reported by Leader [85] . More recently Affymetrix arrays have been developed for both wheat and barley [86] . In a reference experiment using a series of well-defined developmental stages, the 22 K Barley 1 Gene Chip identified 18 481 transcripts showing expression above background (Druka et al., personal communication). A similar reference experiment has been conducted using the Affymetrix Wheat Gene Chip. The wheat chip carries 61 127 probe sets representing 55 052 transcripts. However, fewer than 30 000 are from high quality sequence data and it is not yet clear how the remaining probe sets will be used.
Currently, there are few published reports on the use of barley or wheat chips for studying altered gene expression in response to abiotic stress. Transcript profiling of stressed rice and maize has been conducted. For example, Hazen et al. [87] screened a 21 000 rice Affymetrix array with RNA from drought stressed rice to identify 662 differentially expressed genes. A further important resource for transcript profiling can be found at the Rice MPSS site [88] . This contains the results of an extensive screen of rice transcript signatures for different developmental stages and for cold-, drought-and salt-stressed rice plants. The MPSS data gives a very broad picture of transcript profiles in the target tissues.
Proteomics and metabolomics
Although there have been no reports on the application of proteomics to the study of abiotic stress tolerance in wheat and barley, proteome studies have been conducted of wheat leaf [89] , grain [90] and lemma [91] . These results have indicated the feasibility of differentiating and identifying large numbers of proteins from defined tissues of wheat. The leaf proteomic study resolved 541 proteins of which 55 were sequenced [89] .
A proteomic study of drought-and salt-stressed rice plants found that around 3000 proteins could be detected in a single gel and over 1000 could be quantified [92] . This study found 42 proteins that changed in abundance or position in response. Several of the key proteins were identified and are the subject of further studies.
The importance of metabolite changes during plant responses to abiotic stress suggests that detailed metabolite profiling may provide valuable insights into stress response mechanisms. Metabolomics is a relatively new area of research and there are no published reports on its application to stress tolerance in cereals. However, a recent report on rice found that 88 main metabolites could be successfully quantified from the extract of rice leaves [93] . The compounds identified covered pathways of sugar and amino acid metabolism, hence these types of analyses should prove valuable for assessing stress responses.
CONCLUSIONS
The outline above indicates the complexity of abiotic stress responses but also shows that much of the information generated in model species is likely to have application in the cereals. Key processes of stress tolerance including the signalling pathway components such as transcription factors, HSPs, chaperones and LEA proteins, ROS scavenging and synthesis of osmoprotectants, ion and water transporters, and a range of related processes appear to be common across plant species. Indeed many are also found in animals. These provide targets for research in the cereals. However, the cereals will also provide insights that have not been revealed in some of the model species that have formed the basis for much recent study.
The main advantage of cereals, particularly wheat and barley, is the strong genetic information on abiotic stress tolerance. While some of the QTL studies appear complex, such as the drought mapping work in barley [18] , there are clear target regions where QTL are clustering. In wheat, chromosome groups 5 and 7 appear important while in barley 2H and 5H seem to play key roles. The possibility of combining QTL data from across the cereals is particularly attractive and several projects have been initiated to attempt this.
The rapid advances in genotyping technology, have meant that high quality maps can be rapidly generated. This has exposed the weaknesses of poor phenotyping in many studies and the limitations in the sizes and structures of some mapping populations. Addressing these problems will be an important undertaking over the next few years. Improvements in techniques for evaluation of stress responses including the automation of some measurements, will improve the throughput and, hopefully, the accuracy of phenotyping.
A second advantage offered by wheat and barley is the extensive collection of land race and wild germplasm. It is estimated that less than 15% of the available variation has been captured in modern wheat varieties and around 40% for barley (unpublished data). Many of the diversity screens of these species have identified levels of stress tolerance well beyond that seen in current varieties. It is also important to remember that these species already show a far higher degree of tolerance to many abiotic stresses than other crop plants. This is the key reason why wheat and barley dominate cropping in low yielding environments. The availability of this additional variation opens up the opportunity for exploring stress tolerance mechanisms that may not be fully developed in model species and also provides scope for allele discovery and the use of allelic diversity for functional analysis.
The complexities of abiotic stress responses essentially preclude the precise experimental dissection of individual abiotic stresses, and suggest that further studies of individual stresses might not be the best approach. Genomics, proteomics and metabolomics, coupled with a strong bioinformatics capability, now enable a 'broad' approach to be taken in the study of plant responses to abiotic stresses. Thus, the entire system of networks of signalling pathways and key interconnecting processes that lead to the multiple defensive responses can be described in detail. New technologies, including improvements to positional cloning, mean that an understanding of plant responses to abiotic stresses and the basis for diversity may well be achievable for the first time. This understanding can be used for the manipulation of the responses, or their transfer to important cereal crop species through either conventional, marker assisted or transgenic approaches.
Key Points
Cereal crops are often exposed to multiple environmental stresses simultaneously and, in many cases, common responses are elicited by the plants to deal with these abiotic stresses. Cereal germplasm collections, landraces and wild relatives of the common cereals provide extensive natural variation that can be exploited in crop improvement programs. The long history of breeding, genetics and physiology of cereal crops provides a unique resource for genomics studies in these species. Functional genomics technologies provide tools for the detection and definition of cellular networks through which stress perception, signal transduction and defensive responses are mediated.
